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Abstract: We present a new 1060 nm Fourier domain mode locked laser (FDML laser) with
a record 143 nm sweep bandwidth at 2-417 kHz = 834 kHz and 120 nm at 1.67 MHz,
respectively. We show that not only the bandwidth alone, but also the shape of the spectrum
is critical for the resulting axial resolution, because of the specific wavelength-dependent
absorption of the vitreous. The theoretical limit of our setup lies at 5.9 um axial resolution. In
vivo MHz-OCT imaging of human retina is performed and the image quality is compared to
the previous results acquired with 70 nm sweep range, as well as to existing spectral domain
OCT data with 2.1 um axial resolution from literature. We identify benefits of the higher
resolution, for example the improved visualization of small blood vessels in the retina besides
several others.
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1.

Introduction

Optical Coherence Tomography (OCT) [1] enables non-invasive three dimensional imaging
of animate and inanimate objects. Since its development, it has found a wide range of
applications ranging from ophthalmology [2—4], cardiology [5], gastroenterology [6],
pulmonology [7], dentistry [8], dermatology [9] to monitoring of industrial processes [10, 11].
Also, the economic impact of OCT has been significant [12]. Despite of all the different
applications, the major application is still ophthalmic imaging. Here, OCT provides the
unique capability to create high-resolution cross-sectional images of the retina for diagnosing
diseases of the human eye.
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A major feature of OCT is that the transverse and axial resolution are decoupled. The
transverse resolution, like for most other ophthalmic devices, is a function of the optics [13].
While in non-retinal OCT the use of high numerical aperture (NA) microscope objectives is
possible [14], imaging the posterior eye requires the light passing through the lens of the eye,
which limits the maximum achievable NA and causes additional aberrations. However, with
the help of adaptive optics it is possible to correct these aberrations and to visualize individual
photoreceptors [15] — even at A-scan rates in the MHz-range [16]. In contrast to the
transverse resolution, the axial resolution Az scales with the square of the center wavelength
Lo and the inverse of the bandwidth AA of the applied light source. Regarding the different
OCT technologies with respect to the resolution, time domain OCT (TD-OCT) and spectral
domain OCT (SD-OCT) generally are superior to swept source OCT (SS-OCT) regarding its
axial resolution, as non-sweeping light sources usually feature a significantly higher
bandwidth and often also a shorter center wavelength than swept laser sources [17—19]. This
is because spectral multiplexing can be applied very easily in the case of superluminescent
diodes or the spectral broadening effects of non-linear optical processes can be used by high-
intensity pulses. With TD-OCT in ophthalmic imaging, axial resolutions down to 2-3 pm
have been demonstrated [20] and images from a SD-OCT system with 2.1 um [21] and 2.5
pum axial resolution were shown [22]. In contrast, to the best of our knowledge, the best axial
resolution with a SS-OCT system demonstrated to date is 5.3 um [23]. However, SS-OCT in
general features significantly higher line rates than SD-OCT and TD-OCT [24-26].
Currently, the main reason for this is the limited read out rates for line cameras needed for
SD-OCT compared to the speed in photodiodes and digitizers used in SS-OCT. This trend
will probably continue in the future because of the increasing need for fast telecommunication
and the simpler implementation of dual balanced detection required for shot-noise limited
detection in case of SS-OCT [27].

T.Klein, OE, 2012: (FDML)16um@86.7MHz,

10um@3.35MHz
Topcon Atlantis:
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Fig. 1. Overview of imaging speed versus axial resolution for different research and
commercial systems with flying spot approaches. TD-OCT, SD-OCT and SS-OCT systems are
color-coded. Data from commercial systems are obtained from manufacturer’s websites.
Research systems are [20, 21, 23, 24, 31].
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An overview of line rate versus axial resolution for various research systems as well as
commercial systems with flying spot approaches can be found in Fig. 1. It clearly visualizes
that there is a trade-off between speed and axial resolution. This raises the question, which
axial resolution and imaging speed is required. As most manufactures provide axial
resolutions on the range of 5-8 pm, we assume that this is sufficient for the diagnosis of most
diseases. However, many applications like ultra-widefield imaging [28] or live video rate 4D
OCT [29, 30] benefit from A-scan rates on the order of MHz as it has been discussed
extensively in [24].

Our goal was to push the axial resolution of our MHz-OCT system, while maintaining the
high imaging speed. We use a swept source OCT system, based on a Fourier Domain Mode
Locked (FDML) laser. Due to their stationary mode of operation [32], FDML lasers have the
unique advantage that they can combine very narrow, picometer scale linewidth [33, 34],
meter range coherence [35, 36], stable polarization [37—40] and very high sweep rates [41].
The dynamic Doppler shift of the light wave inside the FDML cavity by the moving mirror of
the intra-cavity Fabry Perot filter enables modehop-free tuning [42] and ultra-low intensity
noise [36]. Due to the comparably high output power and low phase noise, FDML lasers are
also well suited for OCT angiography [43, 44], photoacoustic sensing [45] as well for non-
OCT imaging like combined fiber based stimulated Raman and 2-photon systems [46—49].

Therefore, we increased the sweep bandwidth of our Fourier-domain mode-locked
(FDML) laser [50] significantly. Additionally, we carefully investigated the benefits of the
higher axial resolution in the OCT images acquired with our system at various sweep
bandwidths and compared them to previous results.

2. Experimental

We built an FDML laser based on the design already presented in [24], however without the
Yb-amplifier as already shown in [28]. Figure 2(A) shows the basic setup together with the
optical buffer stage [51]. We optimized three critical components, to enhance the sweep
bandwidth:

1.) The chirped fiber-Bragg grating (cFBG) used for dispersion compensation in [52] had
a maximum reflectivity bandwidth of about 70 nm and was therefore the main
limiting factor for an increased sweep bandwidth. Due to a new manufacturing
process of the supplier (Teraxion), gratings with reflectivities of 50% to 70% with
200 nm bandwidth centered at 1050 nm can now be manufactured.

2.) The original semiconductor optical amplifier (SOA, Innolume SOA-1070-70-HI-
24dB) had a 3 dB gain bandwidth of 70 nm. The new SOA (Innolume SOA-1020-
110-HI-27dB) has not only a 40 nm wider gain bandwidth, but also a 3 dB higher
maximum gain.

3.) A new home-built Fabry-Perot filter with a free spectral range (FSR) of ~180 nm and
a resonance frequency of 417 kHz in combination with very low losses of around 2
dB is employed. Older filters had FSRs of about 100 nm and higher losses.

With these modifications, the sweep bandwidth was increased to 143 nm at 2-417 kHz =
834 kHz sweep rate (no buffering) and to 120 nm at 1.67 MHz (4-times buffering) as shown
in Fig. 2(B). The difference in sweep range between buffered and unbuffered operation is
probably due to the low modulation bandwidth of the SOA in the cavity. Measurements of the
ASE with an open resonator and modulated operation showed a delay in amplification due to
the rise time of the SOA, which is too slow for a proper modulation of the FDML laser and
therefore limiting its output bandwidth. An exchange of the laser diode driver (Wieserlabs
LDC10D), which is specified with a modulation bandwidth of 10 MHz, for a model with a
higher bandwidth of 400 MHz (Picolas BFS-VRM 03 HP) did not result in any changes of
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this behavior. Therefore, the internal modulation bandwidth of the SOA is dominant in our
case and not the driving electronics.

For all measurements in this paper we used 4-times buffering, 1.67 MHz sweep rate and
120 nm bandwidth because the detection electronics of our setup is designed for these speeds.
We used the 60° field of view imaging configuration presented in [28], but the fiber
collimator has a focal length of 18.4 mm instead of 11 mm. This way we were able to
increase the transverse resolution (full width at half maximum (FWHM) of the beam on the
retina) from 12.5 pm to 7.5 pm. The data acquisition card was an AlazarTech ATS9360 with
an acquisition rate of 1.8 GS/s and a sampling depth of 12 bit. The photodiode was a
Wieserlabs BPDIGA with an analog detection bandwidth of 1 GHz. This results in an
imaging range of 2.5 mm in air.

2x417 kHz
204 —— 1.67 MHz
-304
m
T, -40-
=
@ 50 143nm
£ 50
= 120nm
=704
4x buffer st -80 - : r
L il ) sebibe s ] 960 1000 1040 1080 1120
417kHz roundtrip frequency 1.67MHz sweep rate Wavelength [nm]

Fig. 2. A) Setup of the employed FDML laser. LDC: Laser diode controller; AWG: Arbitrary
waveform generator; OSA: Optical spectrum analyzer; PD: Photodiode; PC: Polarization
controller; cFBG: Chirped fiber-Bragg grating, ISO: Optical isolator; BFP-TP: Tunable Fabry-
Perot Filter, SOA: Semiconductor optical amplifier. B) Spectrum achieved with 417 kHz
FDML and with 1.67 MHz FDML. The 120 nm spectrum was attenuated for better
visualization.

3. Characterization of the new FDML laser

To measure the axial resolution of our new laser, a mirror at a depth of 800 um was imaged.
Figure 3 shows the results of our measurement. The FWHM of the point spread function is
7.4 um. If one takes the refractive index of water (n = 1.33) into account, this results in an
axial resolution of 5.6 um. The theoretical value resulting from Az = 0.44-1)>/ A\ is 3 pm
with Ay = 1050 nm und AL = 120 nm. However, the aforementioned equation is only valid
for Gaussian shaped spectra, which are typical for simple superluminescent diodes (SLD)
used in TD-OCT. With the introduction of ultra-broadband femtosecond lasers, swept laser
sources and multiplexed SLDs or modern single SLDs which use two band transitions of the
semiconductor in parallel in order to increase the bandwidth, the spectra of most of today’s
light sources are not perfectly Gaussian shaped. In SD-OCT and SS-OCT this may not be to
critical, because numerical apodization in post processing is simpler than in TD-OCT.
Spectral shaping even allows to increase the 3dB bandwidth, however, of course with a noise
penalty. Hence, it makes sense that most publications, especially in OCT quote the total
bandwidth. However this makes it necessary to perform a Fourier transformation of the
spectrum in order to obtain the true axial resolution [13] as we will do in the following. With
the FWHM alone one cannot make a prediction about the axial resolution of the system.
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Fig. 3. Point spread function of a mirror imaged at 800 um depth. Zoom-in shows the FFT
together with a Gaussian fit. The FWHM in air is 7.4 pm.

For this reason, we analyzed the theoretically achievable axial resolution more closely.
We measured the optical spectrum of our FDML laser at three separate locations with an
optical spectrum analyzer (OSA, Yokogawa AQ6370): Directly after the FDML laser, after
the booster-SOA and in front of the photodiodes of our interferometer, where we included a 2
cm cuvette of water and a mirror in the sample arm to simulate an eye. The spectra were
linearized in frequency (as we do not need to use k-clocking, see [25]), Fourier-transformed,
the amplitude values were fitted with a Gaussian and the FWHM was calculated. This value
was converted to the actual resolution by taking the known position of the mirror as a
reference.
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Fig. 4. Top row shows spectra measured A) directly after the FDML laser, B) after the booster
SOA and before the photodetector after passing 4 cm of water. The bottom row shows the
Fourier-transform of each spectrum together with the FWHM in tissue.

Figure 4 shows the spectra and the respective Fourier-transforms. The spectrum directly
after the FDML laser results in an axial resolution of 4.9 pm (in tissue, as also for all
following values). After the light passed the booster-SOA, the resolution deteriorated to 5.3
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um. Therefore the measured value of 5.6 um is close to the theoretical minimum, whereby
one has to consider, that the light passes a couple of optical components, which influence the
spectrum further. Directly in front of the photodiode and including the 4 cm of water, we get
a theoretical resolution of 5.9 um. This value should be very close to what we get in retinal
OCT measurements with our system. The decrease in axial resolution is, as one can see in the
individual spectra, caused by a change of the spectral shape and a reduction of the 3dB
bandwidth. In order to increase the axial resolution, it should be possible to modulate the
current of the SOA in the FDML resonator or the booster-SOA [53, 54], such that the
spectrum results in a higher axial resolution. Especially at the short wavelength end of the
spectrum, we see potential for increasing the spectral intensity by increasing the current.
However, we did not implement any modulation as we were concerned about an additional
risk to exceed the ANSI safety limits by unintended changes in the spectrum.

The strong change in the spectrum between the measurement after booster-SOA and the
measurement in front of the photodiode results from the absorption characteristics of water
[55]. It features a local minimum around ~ 1060 nm, which coincides quite well with the
maximum of our spectrum. Therefore, retinal OCT data acquired at 1050 nm does usually not
require any apodization. For a more detailed analysis, also the other components of the eye
and temperature effects need to be taken into account, but the deviation from pure water is
rather small [56].

Additionally, we characterized the roll-off of our new FDML laser. The results of our
measurements of the point spread functions are displayed in Fig. 5. We identify the 6 dB roll-
off point at 1.5 mm delay. Regarding the thickness of the structures in the posterior eye of ~1
mm, we consider this value as sufficient for retinal imaging.
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Fig. 5. Roll-off measurement of the FDML laser with 120 nm bandwidth and 1.67 MHz sweep
rate. The amplitude of the FFT decreased by 6 dB after 1.5 mm.

4. OCT imaging

A healthy 30-year-old male healthy volunteer was imaged with the new FDML laser. No
dilation of the pupil was performed. All in vivo retinal imaging experiments were performed
in accordance to the tenets of the Declaration of Helsinki. The ethics committee of the
University of Lubeck approved the experiments. Informed consent was obtained from the
volunteer prior to the measurements. In order to investigate the effects of the enhanced
sweeping bandwidth, the imaging was performed with the new 120 nm as well as the original
70 nm bandwidth. For this, only the amplitude of the Fabry-Perot filter had to be changed
while everything else remained identical. For the 70 nm, a 10 um resolution in tissue was
determined. A sensitivity of 89 dB at a power of 1.6 mW incident on the cornea was
measured. 1900 A-scans were acquired per B-scan, with a B-scan separation of 6 um in order
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to get a slight oversampling. A field of view of about 35° was captured, which results in a
distance of 5.5 pm between the A-scans and a quasi-isotropic sampling. In post-processing,
we payed special attention to a correct linearization of the FDML phase and the numerical
correction of the dispersion differences between sample arm (including the eye) and the
reference arm, as these can significantly influence the axial resolution and the image quality.

A typical B-scan of each OCT data set with a four times flying average can be found in
Fig. 6. Higher averaging leads to a decrease in visibility of fine structures. The labeling of the
retinal layers is based on [57]. We would like to note that there is quite a controversy about
the naming of the outer retinal layers [58]. For a more detailed analysis, a section around the
RPE including the choroid (blue) and the top layers with fine blood vessels (red) was
magnified. There is no significant difference visible in the layers around the RPE and the
separation of the individual layers and the ELM on top is identical for both sweep ranges.
Taking a closer look at the choroid, there is a slightly higher amount of detail with the higher
sweeping range. The most significant difference, even though it is hardly notable, is visible in
the bright white dots in the top layers of the retina. Based on en face reconstructions of our
data sets and OCT angiography images from literature [59], we identify these structures as
fine blood vessels. For a quantitative analysis, we determined the point spread function of a
specular reflex at the interface of the retina and vitreous body to evaluate the actual axial
resolution of our retinal images [60]. The measurement resulted in a width of 6.0 um of the
specular reflex, which confirms the theoretical value of 5.9 pm.

4xAVG, 120nm BW 4xAVG, 70nm BW

Fig. 6. Representative B-scan of the OCT imaging with 120 nm and 70 nm sweeping
bandwidth and a four times flying average. An area around the RPE and around the top retinal
layer is magnified in the blue and red boxes.

Additionally, we compared our imaging results with the highest resolving retinal OCT
images to date [21]. We took a comparable section from our OCT images with a theoretical
axial resolution of 5.9 um and compared it with a B-scan from the publication by Wojtkowski
et al. [21] with an axial resolution of 2.1 um in Fig. 7. All marked layers including the fine
blood vessels above the RPE show a nearly identical separation and amount of detail. The
only difference is visible in the outer segments of photoreceptors, which are better resolved
with the higher resolution. However, it could also be possible that this is due to the different
eyes investigated. Interestingly, there is no difference in the definition of the RPE and the
interdigitation zone in both cases. We assume that the refractive index differences are not
high enough, to provide a significant contrast of the scattering.

Finally, there remains the question when regarding all the OCT imaging results, which
sweeping bandwidth or axial resolution is necessary. Between the data sets with 10 um
(FDML with AA = 70 nm), 5.9um (FDML with AA = 120 nm) and 2.1 um (SD-OCT
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system [21]) only marginal differences are visible when analyzing the B-scans. Due to this,
we believe that most diseases are diagnosable with around 10 pm axial resolution. Higher
resolutions around 6 pm should be beneficial for analyzing fine structures such as small
vessels in the retina, which show a better definition here. In all cases, one has to take into
account that an increase in axial resolution always leads to a decrease in imaging range if
sweep rate and acquisition rate of the digitizer are kept constant. Therefore, the chosen sweep
range is a compromise between axial resolution and maximum imaging range. At MHz
imaging speeds, we already need to use the fastest digitizer cards available and for
applications such as ultra-widefield imaging [28] or live video rate 4D OCT [29, 30] rather
high imaging ranges are required. Hence, we consider 70 nm to be a good compromise for our
experiments requiring high imaging ranges while 120 nm could be beneficial for analyzing
vessel morphology.

this paper: Woijtkowski et al., Opt. Express, 2004:
1.67 MHz sweeprate, 16 kHz sweeprate,
5.9um axial resolution 2.1um axial resolution

ELM

outer segments
{ of photoreceptors

interdigitation
zone

RPE

Fig. 7. Comparison of our OCT imaging with 5.9 um axial resolution with the highest
resolving ophthalmic flying spot OCT images to date [21].

5. Summary and outlook

In this paper, we show a new record regarding the combination of a high sweep bandwidth
and MHz sweep rates of a tunable light source with a center wavelength of 1060 nm. 120 nm
spectral bandwidth was demonstrated with our FDML laser at an A-scan rate of 1.67 MHz,
and even 143 nm at 417 kHz. We were able to show that the resulting axial resolution most
importantly depends on the shape of the spectrum and not on the spectral bandwidth alone.
Especially the water absorption in the eye has a significant impact on the spectral shape. With
the new FDML laser, OCT data of a human retina was captured and compared at two sweep
ranges as well as with literature images of an SD-OCT system with very high axial resolution.
The differences were only marginal regarding the definition of detail of the individual layers.
The greatest benefit of high resolution is visible in the fine blood vessels in the top layers of
the retina. For most applications, we think that 70 nm at MHz sweep rates are sufficient, as
they are a good compromise between axial resolution and imaging range. Only for analyzing
the morphology of small vessels we see a possible benefit in using the 120 nm sweep range.
Here, we expect to see a better definition of small blood vessels. In each case, one has to be
careful at the post-processing of the data to ensure a proper linearization in k-space and
numerical dispersion compensation, as these parameters influence the perceived axial
resolution significantly.

For future work, a modulation of the current of the buffer stage SOA in our setup for the
optimization of the spectrum could be implemented, as far as appropriate safety precautions
are taken.
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